Individuals with music training in early childhood show enhanced processing of musical sounds, an effect that generalizes to speech processing. However, the conclusions drawn from previous studies are limited due to the possible confounds of predisposition and other factors affecting musicians and nonmusicians. We used a randomized design to test the effects of a laboratory-controlled music intervention on young infants' neural processing of music and speech. Nine-month-old infants were randomly assigned to music (intervention) or play (control) activities for 12 sessions. The intervention targeted temporal structure learning using triple meter in music (e.g., waltz), which is difficult for infants, and it incorporated key characteristics of typical infant music classes to maximize learning (e.g., multimodal, social, and repetitive experiences). Controls had similar multimodal, social, repetitive play, but without music. Upon completion, infants' neural processing of temporal structure was tested in both music (tones in triple meter) and speech (foreign syllable structure). Infants' neural processing was quantified by the mismatch response (MMR) measured with a traditional oddball paradigm using magnetoencephalography (MEG). The intervention group exhibited significantly larger MMRs in response to music temporal structure violations in both auditory and prefrontal cortical regions. Identical results were obtained for temporal structure changes in speech. The intervention thus enhanced temporal structure processing not only in music, but also in speech, at 9 mo of age. We argue that the intervention enhanced infants' ability to extract temporal structure information and to predict future events in time, a skill affecting both music and speech processing. infants | music | MEG | speech | early experience M usic training in early childhood has received increased attention as a model for the study of functional neural plasticity (1). Previous studies investigating musically trained adults and children have demonstrated their enhanced processing of musical pitch and meter in comparison with nontrained groups (2-6). Moreover, prior evidence also suggests generalization effects from early musical training to speech processing. For example, musically trained adults and children can better process pitch information in lexical tones and temporal information in syllable structure, compared with nonmusicians (7-10). These cross-domain effects from early music training to speech perception raise theoretically interesting and important questions about different levels of processing (e.g., lower level acoustic processing vs. higher level cognitive skills) affected by early experience (11).
Individuals with music training in early childhood show enhanced processing of musical sounds, an effect that generalizes to speech processing. However, the conclusions drawn from previous studies are limited due to the possible confounds of predisposition and other factors affecting musicians and nonmusicians. We used a randomized design to test the effects of a laboratory-controlled music intervention on young infants' neural processing of music and speech. Nine-month-old infants were randomly assigned to music (intervention) or play (control) activities for 12 sessions. The intervention targeted temporal structure learning using triple meter in music (e.g., waltz), which is difficult for infants, and it incorporated key characteristics of typical infant music classes to maximize learning (e.g., multimodal, social, and repetitive experiences). Controls had similar multimodal, social, repetitive play, but without music. Upon completion, infants' neural processing of temporal structure was tested in both music (tones in triple meter) and speech (foreign syllable structure). Infants' neural processing was quantified by the mismatch response (MMR) measured with a traditional oddball paradigm using magnetoencephalography (MEG). The intervention group exhibited significantly larger MMRs in response to music temporal structure violations in both auditory and prefrontal cortical regions. Identical results were obtained for temporal structure changes in speech. The intervention thus enhanced temporal structure processing not only in music, but also in speech, at 9 mo of age. We argue that the intervention enhanced infants' ability to extract temporal structure information and to predict future events in time, a skill affecting both music and speech processing. infants | music | MEG | speech | early experience M usic training in early childhood has received increased attention as a model for the study of functional neural plasticity (1) . Previous studies investigating musically trained adults and children have demonstrated their enhanced processing of musical pitch and meter in comparison with nontrained groups (2) (3) (4) (5) (6) . Moreover, prior evidence also suggests generalization effects from early musical training to speech processing. For example, musically trained adults and children can better process pitch information in lexical tones and temporal information in syllable structure, compared with nonmusicians (7) (8) (9) (10) . These cross-domain effects from early music training to speech perception raise theoretically interesting and important questions about different levels of processing (e.g., lower level acoustic processing vs. higher level cognitive skills) affected by early experience (11) .
However, there are several methodological issues preventing strong causal inferences about the effects of early music training in studies comparing musicians with nonmusicians. First, predispositions (e.g., higher auditory acuity) may lead individuals to self-select early music training, thus contributing to the observed differences between musicians and nonmusicians. Second, there exists great variability in the training received by musicians, including the nature, onset, and duration of musical training.
The current study combined three approaches to investigate the effects of early music experience: (i) We tested young infants using a randomized design, assigning them to either structured laboratory-controlled music intervention ("intervention") or control activities ("control"). This approach allowed controlling for effects related to predispositions (e.g., genetics) and prior music experience. (ii) We focused on temporal information processing such that the intervention targeted infants' learning of a specific meter (triple meter, e.g., the waltz) and tested the effects on both music (metrical structure) and speech (syllable structure). (iii) We used neural responses, measured by magnetoencephalography (MEG), as outcome measures to compare intervention and control infants in the spatial and temporal aspects of their cortical responses.
The primary goal of the current study was to investigate whether the intervention at 9 mo of age enhanced infants' neural processing of temporal structure in both music and speech. Our predictions followed the rationale that the intervention, targeting infants' learning of a specific meter, exerts influence at a higher level of processing. We argued that the intervention infants would become better at extracting the temporal pattern of complex sounds over time, leading to the ability to make more robust predictions of the timing of future stimuli based on the extracted temporal structure, an ability that would affect both music and speech processing. We predicted that, in the postintervention/control MEG tests, the intervention group not only would process a learned temporal structure in music (i.e., triple meter) better than their control counterparts, but also would process a novel temporal structure in speech (i.e., a foreign syllable structure) better than controls.
We designed the current study (i.e., choice of age and number of intervention/control sessions), to parallel prior studies in this laboratory on infant speech learning at 9 mo of age (12, 13) . This developmental stage constitutes a "sensitive period" for speech learning when infants' abilities to process speech can quickly change based on language experience (14, 15) .
Significance
Musicians show enhanced musical pitch and meter processing, effects that generalize to speech. Yet potential differences between musicians and nonmusicians limit conclusions. We examined the effects of a randomized laboratory-controlled music intervention on music and speech processing in 9-mo-old infants. The Intervention exposed infants to music in triple meter (the waltz) in a social environment. Controls engaged in similar social play without music. After 12 sessions, infants' temporal information processing was assessed in music and speech using brain measures [magnetoencephalography (MEG)]. Compared with controls, intervention infants exhibited enhanced neural responses to temporal violations in both music and speech, in both auditory and prefrontal cortices. The intervention improves infants' detection and prediction of auditory patterns, skills important to music and speech.
Author contributions: T.C.Z. and P.K.K. designed research; T.C.Z. performed research; T.C.Z. analyzed data; and T.C.Z. and P.K.K. wrote the paper.
Reviewers: A.C., University of California, San Diego; and T.F., Stanford University.
The authors declare no conflict of interest.
Freely available online through the PNAS open access option. 1 To whom correspondence may be addressed. Email: zhaotc@uw.edu or pkkuhl@uw.edu.
Specifically, 47 9-mo-old infants raised in monolingual Englishspeaking environments with comparable prior and concurrent music listening experiences at home, whose parents were not musicians, were recruited (Materials and Methods). Infants were randomly assigned to the intervention or control group for 12 sessions (15 min each) of corresponding activity over a 4-wk period in the laboratory. The intervention sessions were designed to reflect naturalistic music training and to maximize infants' learning. The control sessions were designed to offer comparable visits to a laboratory, familiarity with the laboratory environment, levels of social interaction with other infants and caregivers, and levels of motor activity and engagement, but without music.
In the intervention sessions, infants experienced the triple meter (e.g., waltz) in various infant tunes and songs. Previous studies have demonstrated that infants at this age can rapidly learn temporal patterns in the music of their culture (16) (17) (18) . We selected the triple meter (e.g., the waltz) because it has been demonstrated to be a more difficult temporal structure than duple meter (e.g., marching music) for infants at this age (19) . We thus expected to see enhancement of triple meter processing due to intervention experience. Infants, with the aid of caregivers, tapped out the musical beats with maracas, or their feet, and were often bounced in synchronization to the musical beats, activities that are common in infant music classes (20) . Control sessions had similar levels of social, physical activities. Infants, aided by their parents, played with toy cars, blocks, and other objects that required coordinated movements, such as moving and stacking, but without the musical component. In both the intervention and control sessions, infants were engaged in a social setting with one to two other infants and their caregivers, a setting demonstrated in previous work to be effective when infants are exposed to a foreign language (12) . An experimenter facilitated each session by engaging the infants and their caregivers in the activities to a comparable degree.
To test whether the intervention enhanced infants' general ability to extract temporal structure and generate more robust predictions about future stimuli in complex auditory sounds, we examined their neural responses to temporal structure violations in both music and speech in temporal (auditory) as well as prefrontal cortical regions. The prefrontal region has been implicated in pattern processing and the predictive coding of auditory stimuli (21, 22) . The mismatch response (MMR), measured with a traditional oddball paradigm within 2 wk of the last intervention/control session, was used to quantify neural processing. The magnitude of the MMR in the target cortical regions reflects neural sensitivity to the violation of temporal structure and thus the tracking and learning of that temporal structure (23) . More specifically, in this paradigm, a standard stimulus is presented on ∼85% of the trials to establish a temporal structure. A deviant stimulus violates this temporal structure and is randomly presented on the remaining 15% of the trials. Neural responses to all stimuli are recorded using magnetoencephalography (MEG), which measures the dynamic magnetic fields resulting from synchronized neural firing. The MMR is derived by first calculating a difference wave between neural responses to the standard stimuli and neural responses to the deviant stimuli; and it is generally characterized by a peak in amplitude in the difference wave between 150-250 ms after the onset of a change or violation in the auditory stimulus. The MMR is observed primarily in the temporal (auditory) regions of the cortex as well as the prefrontal regions, with a slightly delayed time course in the prefrontal cortex (24) .
Traditionally, the MMR has been characterized using electroencephalography (EEG), which describes the response at the sensor level, in terms of its magnitude and polarity (i.e., negative vs. positive) referenced to a common sensor. Differences have been documented between infants and adults in the MMR with later peak latency, smaller magnitude, and a shift in polarity for infants from a positive to a negative MMR with age and experience. The MMR has been considered fairly stable and readily observed across development (25, 26) . MEG technology, with its excellent temporal resolution (millisecond) and good spatial resolution for measuring neural activities (27) , allows examination of the MMR at the cortical level. Both the spatial and temporal patterns of brain activation, in both the prefrontal and temporal regions, can be examined. However, MEG uses different metrics to characterize the magnitude of neural response than EEG (Materials and Methods, Source modeling).
With MMR, we tested three specific hypotheses: (i) that the intervention group would exhibit a larger MMR response to violations in temporal structure for music compared with the control group, (ii) that the effects would be observed in both temporal (auditory) and prefrontal regions of the cortex, and (iii) that enhanced temporal structure processing, reflected by a larger MMR in temporal and prefrontal regions, would also be observed in response to speech syllable structure violation in the intervention group.
Results
To test the effects of the intervention on temporal structure processing in music (hypotheses i and ii), infants were presented with complex tones in triple meter structure in ∼85% of the trials (group of three notes: strong-weak-weak). Occasionally (15% of the trials), the triple meter was violated through the removal of the last note in the group of three notes that constituted the triple meter ( Fig. 1A ) (details in Results and Materials and Methods). The strong notes immediately after the violations were deviants, and the strong notes before the violations were standards. Because the acoustic characteristics of standards and deviants are identical, any difference in infants' neural response therefore would reflect the detection only of temporal structure violation.
The neural responses to the standards and deviants were first preprocessed, averaged across trials, and projected from the MEG sensor space onto an infant cortical space using the dynamic statistical parametric mapping (dSPM) method (28) , resulting in statistically normalized values to characterize the neural activities (see Materials and Methods, MEG individual analysis for details). The difference waves were then calculated for each participant by subtracting neural responses to standards from deviants, and subsequently the magnitude of the differences was assessed, combining changes in both the strength and the direction of neural responses (Materials and Methods). The difference magnitudes in the temporal regions and prefrontal regions were further averaged for each participant. The target time window for the MMR in the temporal regions was selected as 150-300 ms postviolation and 200-350 ms postviolation for the prefrontal regions ( Fig. 1B , shaded regions). These selections captured the peak of the response in the group average data and conformed to the classic time ranges for MMR documented in the infant literature (25, 29, 30) . The MMRs in the target windows were then averaged for each participant.
The averaged values were submitted to a 2 (between group, intervention vs. control) × 2 (within group, temporal regions vs. prefrontal regions) analysis-of-variance (ANOVA). The results revealed significant main effects for group [F(1, 34) = 6.29, P = 0.017, η 2 = 0.16] as well as for region [F(1, 34) = 7.32, P = 0.011, η 2 = 0.18] (Fig. 1C ). No interaction between group and region was observed. These results support our first two hypotheses: The intervention group (mean = 2.23, SE = 0.11) exhibited larger MMR responses to temporal structure violations in the music condition compared with the control group (mean = 1.84, SE = 0.11), in both the auditory and prefrontal cortical regions.
Similarly, to test whether the intervention generalized to a new temporal structure in a new domain [speech (hypothesis iii)], the oddball paradigm was again used to measure infants' sensitivity to a violation in speech temporal structure (i.e., syllable structure). On 85% of the trials, infants were presented with a foreign syllable structure established using a disyllabic nonword with a long consonant between the vowels (i.e., /bibbi/); the syllable structure was violated by shortening the length of the middle consonant by 100 ms (i.e., /bibi/) ( Fig. 2A , Top) (details in Results and Materials and Methods) in deviant trials occurring 15% of the time. This difference reflects an acoustic feature used in languages such as Japanese and Finnish, but not English (31) . To achieve the identical statistical comparison for speech as in the music condition, wherein the responses to identical stimuli are compared while the stimuli occur in different contexts (e.g., as standard vs. as deviant), we adopted an established method (32) to record the neural response to /bibi/ when it was presented in a constant stream (as standard) in a separate short recording ( Fig. 2A, Bottom) . We subtracted neural responses to /bibi/ when it served as standard from neural responses to /bibi/ when it served as deviant in the context of the syllable /bibbi/. As in the case of music, the analysis window in both the temporal and the prefrontal regions was timed to the onset of the violation (onset of the second /bi/ syllable in /bibi/), which occurred 210 ms after the onset of the nonword (Fig. 2B, shaded region) . The same ANOVA model was used to address the hypothesis regarding the generalization of the effects to speech (Fig. 2C) . A 2 (between group, intervention vs. control) × 2 (within group, temporal regions vs. prefrontal regions) analysis was preformed. As predicted, the results revealed a significant main effect of group [F(1, 33) = 4.56, P = 0.039, η 2 = 0.12] and of region [F(1, 33) = 13.33, P = 0.001, η 2 = 0.29]. No interaction between groups and regions was observed. Again, the intervention group (mean = 2.42, SE = 0.14) exhibited larger MMRs in response to temporal structure violations in speech compared with the control group (mean = 2.02, SE = 0.13). These effects occurred in both the auditory and prefrontal cortical regions, confirming our third hypothesis.
Discussion
The current study was designed to test three specific hypotheses: (i) that the 1-mo music intervention designed to help infants learn a specific temporal structure in music (i.e., triple meter) would result in a larger neural response (MMR) in the intervention group to violations of temporal structure for music stimuli compared with the control group, (ii) that the effects would be observed in both temporal (auditory) and prefrontal regions of the infant cortex, and (iii) that enhanced temporal structure processing, reflected by a larger MMR in temporal and prefrontal regions, would also be observed in the intervention group when a completely new temporal structure was presented in the domain of speech. Our hypotheses were generated based on the rationale that the intervention group became better at extracting the temporal pattern of complex sounds and thus became more adept at predicting the timing of auditory stimuli based on the extracted temporal structure and that the ability of predictive coding is shared by both music and speech.
The results supported all three hypotheses. Our findings demonstrated that, as early as 9 mo of age, a randomized structured music intervention enhanced infants' neural processing of temporal structure in music, reflected by a significantly larger MMR in the intervention infants compared with the controls. As predicted, the effects were observed in both temporal and prefrontal cortical regions of the infant brain. Finally, the effects of the music intervention generalized to a new temporal structure change in a new domain, speech.
These results have implications for two long-standing issues in perception and suggest additional questions for future investigation: (i) the domain-specific vs. domain-general nature of music and speech processing, and (ii) infants' perception of patterns in complex sounds and the development of predictive coding.
The domain-specific vs. domain-general processing of complex sounds such as speech and music has been strongly debated (33, 34) . Our current results provide data from the perspective that across-domain generalization can occur as early as 9 mo of age from a music intervention to speech, during a period when infants are known to be undergoing an important transition in speech perception (14, 15 ). In the current study, we focused specifically on learning to extract higher level temporal information (i.e., temporal structure) from the intervention designed to simulate naturalistic music learning. Previous studies have suggested the significant role temporal information plays in speech perception and the impact of training using modified speech or nonspeech sounds to help infants and children prioritize specific temporal information, which may in turn enhance speech processing (35) (36) (37) (38) . However, the cross-domain generalization demonstrated here has not previously been tested or reported in young infants from music learning to speech processing.
Our results extend existing literature on within-domain effects from language experience to infants' speech processing during the sensitive period for speech learning. In previous studies, infants who experienced social foreign language intervention during this period learned to detect changes in foreign speech sounds better than controls who did not have such foreign language experience (12, 13) . In the current study, we show that intervention in the music domain also affects foreign speech processing. In other words, our data suggest the possibility that the mechanisms supporting speech learning during this sensitive period are not exclusive to speech inputs; rather, a broader set of patterned auditory stimuli (e.g., music) can affect infants' speech processing. Future studies will be needed to replicate and extend this finding.
Secondly, our results have implications for the development of broader cognitive skills, such as the ability to detect patterns in sensory information. In our case, we examined the ability to extract temporal structure and to predict the timing of future stimuli. We predicted generalization effects from the intervention to speech based on the rationale that infants would learn to better attend to and extract auditory patterns in the temporal domain, allowing them to generate more robust predictions about the timing of future events based on learned patterns. Our results demonstrating enhanced foreign syllable structure processing in intervention infants strongly supports the idea that experience with music may enhance the development of a broader set of perceptual skills.
The ability to quickly extract patterns and predictively code future stimuli has been demonstrated in both adults and infants (21, 22, 39, 40) , yet the potential that it may be enhanced through a music intervention in infancy is exciting. This idea corroborates recent evidence suggesting enhanced higher level cognitive abilities (e.g., working memory and executive functions) in musically trained adults and children (41) (42) (43) . Future studies that specifically examine the relations between music learning in infancy and the development of cognitive skills (e.g., executive function) are warranted.
In addition, the current intervention generates many important questions for future research. We discuss one such question here concerning the involvement of other modalities (e.g., motor) in the development of auditory perception. Our intervention was designed to be maximally effective and to simulate important aspects of naturalistic music training for infants. We combined auditory experience with other modalities (e.g., motor) because it mirrors realistic infant music classes and supports the role of cross-modal coding that has been described as integral to music listening and learning (44) (45) (46) . However, the exact contribution of the sensory-motor system in auditory learning was not targeted in the current study. Future studies are required to separate the effects of the perceptual and motor aspects of the intervention by developing additional control conditions that engage only the auditory system (e.g., passive listening intervention).
To summarize, the current study demonstrated that a music intervention designed for infants, incorporating key components of naturalistic early music training, enhanced infants' neural processing of music temporal structure processing at 9 mo of age. Of equal importance, we observed robust generalization from the intervention to speech temporal structure processing. We interpret our results to suggest that the current 12-session music intervention at 9 mo of age may affect broad pattern extraction and predictive coding skills in young infants, skills shared by both music and speech processing. These results raise the possibility that enriched auditory environments, beyond enriched language experience, may be beneficial to infant learning.
Materials and Methods
Participants. Forty-seven infants born and raised in monolingual Englishspeaking families were recruited at 40 wk of age. The inclusion criteria included the following: (i) full term and born within 14 d of due date, (ii) no known health problems and no more than three ear infections, (iii) birth weight ranging from 6 lb to 10 lb, and (iv) no previous or concurrent enrollment in infant music classes. Experimental procedures were approved by the Institute Review Board of the University of Washington, and all informed consents were obtained from the parents of the infants.
Infants were randomly assigned to either the intervention group or the control group. Questionnaires filled out by the parents ensured that the two groups experienced comparable music listening in their home environments (intervention, 9.93 ± 6.83 h/wk; control, 12.89 ± 9.47 h/wk, t(36) = −1.1, P = 0.28). Participation required completion of 12 intervention or control sessions over a 4-wk period, and up to three MEG recordings to ensure completion of tests on both music and speech conditions within 2 wk of the last intervention or control session. Overall, one infant failed to complete all intervention sessions and seven failed to complete MEG recordings due to fussiness. The final sample of infants who completed all 12 intervention/control sessions, as well as the MEG test sessions was as follows: intervention group (n = 20) and control group (n = 19). In addition, three MEG recordings from the music condition and eight from the speech condition failed to produce usable data due to the following: excessive movement (MEG preprocessing) (two recordings), too few usable trials (two recordings), and technical failure (seven recordings). For the music condition, MEG recordings from 36 participants were included in analysis (18 from intervention, 12 male; 18 from control, 9 male). For the speech condition, MEG recordings from 35 participants were included in analysis of the speech condition (16 from intervention, 12 male; 19 from control, 9 male). Infants with successful MEG recordings were further recruited to complete a structural MRI scan within 2 wk of the last MEG recording. An MRI scan from one subject was obtained successfully and was used to construct the head model.
Stimuli.
Intervention/control phase. For the intervention group, recordings of children's music in triple meter were selected from various commercially published music CDs for infants and toddlers. They were selected to vary in tempo (slow to fast; range, 115-180 beats per minute) and voices (for songs) to facilitate the learning and extraction of the abstract temporal structure. All music was recorded on six CDs of about 15 min duration. MEG testing phase.
Music condition. The triple meter structure was created by combining a strong complex tone with two weak complex tones with sound-onset-asynchrony (SOA) of 300 ms. The strong tone was created by amplifying the weak tone by 10 dB in Audacity software (version 2.0; Sound Forge). The complex tone (duration, 200 ms; sampling frequency, 44.1 kHz) had a fundamental frequency of 220 Hz (A3) and was synthesized by combining a tone with "grand piano" timbre with a woodblock sound in Overture software (version 4; Sonic Scores). In total, there were 1,250 trials, with 200 deviant trials.
Speech condition. The disyllabic nonword speech stimuli were created in Praat software by combining a synthesized syllable /bi/ with silent gaps in between (47) . The syllable /bi/ was synthesized (duration, 160 ms; sampling frequency, 44.1 kHz; fundamental frequency, 220 Hz) to have 30 ms of formant transition at the beginning and at the end, as well as 100 ms of steady-state vowel. The disyllabic nonword /bibbi/ was created by combining two syllables with 150 ms of silence in between, and /bibi/ was created by reducing the duration of the silence to 50 ms. For both stimuli, the first syllable was amplified by 5 dB to create a strong-weak stress pattern.
Separate stimulus sequences were created for the two recordings. In a long recording, 1,250 trials were played of which 200 were deviants (/bibi/). In a short recording, 200 trials of stimulus /bibi/ were played ( Fig. 2A, Bottom) . The SOAs were jittered between 900 ms and 1,100 ms to minimize effects associated with predictability of the onset of the first syllable ( Fig. 2A, Top) . This procedure ensured that infants extracted the temporal structure of the standard stimulus intersyllabically, not by merely tracking the stimulus onset at a set interval.
Equipment and Procedure. Intervention phase.
Intervention group. Infants assigned to the intervention group completed 12 sessions (15 min per session) of structured music intervention over a 4-wk period. This protocol design was in line with previous studies examining foreign language intervention in this age range, with consideration of practicalities such as caregivers' availability and the duration of time infants can stay attentive without being fussy. The sessions took place in a soundattenuating booth decorated to be infant friendly. In each session, one of the six CDs was played through two speakers at a comfortable listening level of 65 decibels (A-weighted sound levels) (dBA), measured at the center of the room. Four video cameras were placed at different locations in the room to capture the behaviors of the infants during all sessions. Up to three infants and their primary caregivers were in the room, along with an experimenter who facilitated the session. The caregivers were instructed to interact with the infant throughout the sessions, with the aim of synchronizing the infants' movements to the musical beats. A variety of infant-safe simple percussive musical toys were introduced to infants to facilitate infants' movements, such as shaking maracas, and foot tapping and bouncing were also used.
Control group. Infants assigned to the control group completed 12 sessions of social free play with nonmusical toys appropriate to the infants' age. The sessions took place in the same sound-attenuating booth, decorated to be infant friendly, used for the intervention group of infants. In each session, up to three infants and their primary caregivers were in the room, along with an experimenter. The infants were engaged in activities with the caregivers, other infants, and the experimenter to a degree comparable with the intervention group through the introduction of various nonmusical toys. MEG testing phase. Infants completed their MEG recordings within 2 wk of the last intervention/control session. The order of testing for speech and music was counterbalanced across infants.
Stimulus presentation. Auditory stimuli used in the tests were delivered using the Psychophysics Toolbox in MATLAB (48) on an HP workstation connected to TDT RP 2.7 hardware (Tucker-Davis Technologies hardware). All stimuli were processed such that their rms values were referenced to 0.01, and they were further resampled to 24,414 Hz for the TDT. Subsequently, the sounds were played through a speaker with a flat frequency response at a comfortable listening level of 65 dBA, measured under the MEG dewar.
MEG measurement. All MEG data were acquired inside a magnetically shielded room (MSR) (IMEDCO) using a MEG (306-channel Elekta Neuromag) system with 204 planar gradiometers and 102 magnetometers. All data were acquired at a 1-kHz sampling frequency.
In a typical MEG session, the infant was first seated in a customized high chair outside of the MSR. A research assistant distracted the infants while the technician fit a stretch cap on infants' heads. One pair of electro-oculogram (EOG) electrodes was attached to the lower corner of the left eye and upper corner of the right eye to measure eye blinks. Five head position indicator (HPI) coils were attached to the cap to measure head position continuously under the MEG dewar. Three landmarks (left preauricular point, right preauricular point, and nasion) and the five HPI coils were digitized along with 100 additional points along the head surface with an electromagnetic 3D digitizer (Fastrak; Polhemus). Then the infant was placed under the MEG dewar in a customized chair. A research assistant continued to distract the infant with toys, and the primary caregiver was seated next to the MEG machine. Once the infant seemed to be calm and alert, the MEG recording started and the stimulus presentation began.
In addition, at the end of each MEG session, a 5-min empty-room recording was made with the same stimuli playing. MRI structural scan. The MRI structural scans were completed within 2 wk after the last MEG session using a 3.0T system with an eight-channel head coil (Achieva; Phillips). A multiecho T1 pulse sequence (3D water excited/Turbo field echo) was used with the following parameters: repetition time (TR), 24 ms; inversion time (TI), 1,450 ms; and echo times (TEs), 6.5 ms, 12.2 ms, and 18 ms; acquisition voxel size, 0.37 mm 3 ; sensitivity encoding (SENSE) factor, 2.5 in the anterior-posterior direction.
Data Analysis. Head model template creation. An MRI scan obtained from one participant was used to create the template head model. The images were first processed by calculating the root-mean-square (rms) of the values obtained from the three echoes for each voxel. The resulting images were segmented in FMRIB Software Library-FMRIB's Automated Segmentation Tool (FSL-FAST) (49) . The white matter component resulting from the segmentation was then used to process the images again to enhance the signal for the white matter. Cortical reconstruction and volumetric segmentation were performed using the Free-Surfer image analysis suite (surfer.nmr.mgh.harvard.edu). A surface-based cortical source space was created using the topology of a recursively subdivided icosahedron 5, resulting in ∼20,484 source points distributed throughout cortical surfaces. In addition, a subcortical volumetric source space with grid spacing of 5 mm was constructed, including ∼4,425 source points distributed throughout subcortical structures and the cerebellum. MEG preprocessing. The raw MEG recordings underwent a series of standardized preprocessing steps for noise suppression. The temporal signal space separation (tSSS) and head movement compensation aligning the data to the mean head position were used first (Elekta MaxFilter 2.2) to suppress noise from outside of the MEG dewar and to compensate for effects related to infants' head movement during the recording. This procedure was designed to improve the signal-to-noise ratio of the data by suppressing external interference (i.e., noise from outside of the helmet) without introducing excessive reconstruction noise (50, 51) . The infant head movement was evaluated by assessing the maximum SD of the center head position across all time points. Then, the signal-space projection (SSP) method was adopted to isolate components of physiological artifacts (i.e., heartbeats and eye blinks), using in-house MATLAB scripts (52) . Lastly, the signal was band-pass filtered from 1 to 40 Hz, and noisy and dead channels were rejected based on the overall power calculated of each channel. MEG individual analysis.
Epoch average. Epochs were rejected when the peak-to-peak amplitude was over 1.5 pT/cm for gradiometers or 2.0 pT/cm for magnetometers. Epochs Red line, averaged epochs for standards; green line, average epochs for deviants; blue line, difference between standards and deviants. Two channels were selected to illustrate responses to the standards and deviants as well as the difference waves in the temporal and frontal areas at the sensor level. (B) Speech condition (sensor data from one participant). Red line, averaged epochs for /bibi/, serving as standards; green line, average epochs for /bibi/ deviants; blue line, difference between /bibi/ serving as standards and deviants. Two channels were selected to illustrate responses to the standards and deviants as well as the difference waves in the temporal and frontal areas at the sensor level.
(−50 to 900 ms) in response to standards and deviants were then averaged separately for each subject after baseline correction. Baseline correction was accomplished by subtracting the mean value of the time period before trial onset (−50 to 0 ms) from the epoch. Data from one exemplar subject at the sensor level is demonstrated from the music condition ( Fig. 3A) and from the speech condition (Fig. 3B) .
Source modeling. Forward modeling used the boundary element method (BEM) isolated-skull approach with inner skull surface extracted from the MRI of the template. Both the source space and the BEM surface were then aligned and scaled to optimally fit each subject's head shape revealed by head digitization points. All modeling was done with in-house MATLAB scripts in combination with the MNE software suite (53) .
Inverse source modeling was performed using the dynamic statistic parametric mapping (dSPM) method without dipole orientation constraints and with data from both gradiometers and magnetometers (28) . The source activities were normalized to the noise covariance computed from the corresponding empty-room recording, which underwent the same preprocessing steps except for the movement compensation. This procedure resulted in statistically normalized scores for three dipole components at each source location for each time point (i.e., dipole strengths in three orthogonal directions). The difference between standards and deviants was then computed for each source location at each time point through the following: (i) subtraction in each of the dipole components and (ii) calculating the magnitude of the difference wave (hereafter, difference magnitude). Computation of the difference between standards and deviants takes into consideration both dipole strength and direction at each source location such that the magnitude value combines changes in both dimensions. Group comparison. The difference magnitudes of each subject were interpolated onto a spherical atlas for group level inferences. The FreeSurfer Destrieux atlas was also projected onto this spherical atlas for labeling each source point. Based on the Freesurfer labeling, difference magnitudes in the temporal regions and prefrontal regions were then averaged separately for each subject. The prefrontal regions included superior, middle, and inferior gyri and sulci of the frontal lobe; the temporal regions included the superior and middle gyri and sulci of the temporal lobes. The brain region selected for prefrontal analysis was broad given the use of one infant head template instead of individual MRIs for all infants.
